When individual carbon nanotubes aggregate, the nanotube bundles behave as excellent thermal sensors and radiators. This is due to enhanced temperature dependent mechanism by internanotube junctions which act as thermal reservoirs.
Structures built by sp 2 character are stiffer than tetrahedral lattice therefore it is anticipated that phonon transmission through carbon naotubes ͑CNTs͒ would be faster than diamond and comparable with that of graphenes.
1 Calculation reveals that thermal conductivity of CNTs can reach k = 3.5ϫ 10 4 W / m K below 100 K and specific heat follows the power law. Above 100 K the thermal conduction obeys k͑T͒ ϰT −1 and k is reduced to 6000 W / m K by umklapp process ͑resistive phonon͒. In practice, aggregated singlewalled carbon nanotubes ͑SWCNTs͒ show very low k ͑=0.5-3.2 W / m K͒ and internanotube junctions play a crucial role in lowering phonon propagation.
2 In this work, SWCNT film and copper have been simultaneously exposed to minor temperature modulation ͑±1 K͒ and their resistance variation were continuously recorded for a week. It is found that nanotube films are excellent thermal sensors compared with metal and underlying mechanism is due to internanotube junctions acted as thermal reservoirs, thus enhancing temperature dependent property.
Purified SWCNTs were deposited onto silver defined glass substrate along with a copper wire ͑5 ϫ 1 mm 2 ͒ as a reference ͑Fig. 1͒, and device was then placed in a clean room with air conditioning at 298± 1 K and relative humidity controlled at 45%. Two digital thermocouples ͑Agilent, 34970A͒ were attached to device substrate and interior walls, respectively, and device resistances were measured every 10 s for 7 days by two-terminal technique with accuracy of 0.1± 0.05 ⍀ ͑Keithley 2400͒. Figure 2͑a͒ shows time dependent modulation of indoor temperature ͑blue͒ and amplitude is ±1 K. In summer, the highest outdoor temperature is 307-309 K at 2-4 pm, which decreases to 301-303 K by early morning ͑4-6 am͒. This matches with crest and trough ͑dark arrows͒, namely, the indoor condition is modulated by outdoor temperature. Variation of SWCNT resistance ͑dark͒ follows a similar pattern ͑i.e., peak-to-peak characteristic͒ and R / R 0 fluctuates between ±0.02.
3 R / R 0 variation of copper wire is very small and obtained data can only fit to a straight line on the same scale as nanotube profile ͑red͒. Figure 2͑a͒ also reveals the following information, firstly, the nanotube film exhibits a positive temperature coefficient of resistivity ͑PTCR͒, i.e., resistance increases with temperature rising, attributable to O 2 doping, 4 secondly, photoexcitation cannot explain the resistance fluctuation because ͑i͒ optical transitions only occur in semiconducting tubes and current sample shows a metallic character ͑PTCR͒, ͑ii͒ the O 2 doped state converts the optical transitions between E 11 and E 22 modes into phonon mediated process near to the Fermi level ͑E F ͒, 4,5 ͑iii͒ R / R 0 change with light adsorption normally reaches one order of magnitude, 6 whereas resistance only varies between ±0.02 for SWCNT films, and ͑iv͒ resistance alternation upon light excitation is only likely for single tubule because conversion of infrared ͑IR͒ energy into heat via electron-phonon coupling is faster than decay of photocarriers; the former being tens of picoseconds and nanoseconds for the latter, [7] [8] [9] i.e., optical process dominates the conduction mechanism of isolated nanotube. SWCNT films, however, contain internanotube junctions and resistive phonon is significantly enhanced by coupling of radial phonons.
10-12
Here, we believe that highly thermal sensing performance seen in Fig. 2͑a͒ is due to enhanced temperature dependent mechanism by internanotube junctions which act as thermal reservoirs. Firstly, the PTCR of both SWCNT films and copper is similar ͑␣ tube = 0.0043/ K and ␣ Cu = 0.0039/ K͒, whereas the latter behaves relatively insensitive in a similar thermal environment. Secondly, characteristics of thermal reservoir at internanotube junctions include enhanced resistive phonon, heat flux reduction, and heat preservation, which are verified as follows; ͑i͒ if intertube coupling is weak then thermal conductivities of both isolated tube and SWCNT mats would be similar at all temperature regime. According to equation k = Cv, where phonon mean free paths ͑͒ are 1 m below 30 K and 220 nm at 300 K.
2, 13 The heat capacity C is constant 400 mJ/ g K͒ and phonon speed ͑v͒ is on the same order as graphite ͑1 ϫ 10 4 m/s͒, so corresponding k for individual SWCNTs is 1200 W / m K below 30 K and is 900 W / m K at 300 K. These values, however, largely exceed experimental data recorded on nanotube mats ͑3.2 W / m K͒, 2 in other words, intertube coupling is not weak and resistive phonon is truly enhanced at internanotube junctions; ͑ii͒ the heat flux reduction by enhanced resistive phonon at intertube junctions can be immediately verified by thermal conductance quantum model below,
where M is characteristic number of occupied phonon branches ͑=1.5k B TR 2 / ha͒ and K Q is thermal conduction quantum ͑= 2 k B 2 T /3h =9ϫ 10 −10 W/K͒, and L, h, R, and a are bundle length ͑=1-2 m͒, Planck's constant, tube radius ͑=0.7 nm͒, and tube-tube separation ͑=1 -1.5 nm͒, respectively. Substitution of above parameters into equation yields k = 1.3ϫ 10 −10 -9ϫ 10 −11 W / K, lower than value obtained from an isolated tube ͑6 ϫ 10 −10 W/K͒; 13 ͑iii͒ heat preservation at internanotube junctions means that nanotube temperature is higher than surrounding. The SWCNT temperature ͑T tube ͒ has been evaluated based on equation below and related parameters were extracted from Fig. 2͑a͒ .
where T R and ␣ represent the surrounding temperature and PTCR, respectively. Figure 2͑b͒ shows T tube modulation ͑red͒ and its average amplitude at peak to peak is 5 -7 K higher than surrounding temperature ͑blue͒, consistent with the third point. It is noteworthy that Itkis et al. have recently pointed out that conduction mechanism in SWCNT film is indeed dominated by phonon generation rather than production of photocarriers and variation of nanotube resistance with photoexcitation arises from rapid conversion of absorbed IR energy into heat via electron-phonon coupling, 14 consistent with current study. Based on above evidences the nature of internanotube junctions can be described as follows. The phonon structure is firstly dispersed into three dimensional ͑3D͒ characteristic at nanotube bundle by strong intertube coupling ͓top, Fig. 2͑c͔͒ , and secondly, enhanced resistive phonon prohibits the phonon propagation so heat is preserved at intertube junction ͓mid, Fig. 2͑c͔͒ and heat flux along tube axis is reduced ͓lower, Fig. 2͑c͔͒ . According to Fig. 2͑b͒ the temperature difference between nanotube film and surrounding implies the occurrence of heat exchange, and the thermal radiated power can be evaluated by plotting derived resistance ͑dR͒ of SWCNT film against surrounding temperature ͓Fig. 3͑a͔͒. At thermal equilibrium the dR is zero and heat does not exchange between nanotubes and environments. The negative dR ͑red arrow͒ means that process is an endothermic and nanotubes are heated by IR radiation from environment between 9 am and 6 pm. In contrast, the positive dR ͑green arrow͒ indicates an exothermic process and SWCNTs act as thermal radiators between 6 pm and 9 am. Radiated power ͑P͒ from nanotube film can be calculated by Stefan-Boltzmann law,
where e and are emissivity and Stefan constant ͑=5.6703 ϫ 10 -8 W/m 2 K 4 ͒, respectively and A is radiating area ͑=0.01mm 2 ͒. Emissivity of carbon materials normally ranges at 0.5-0.9 and graphitized materials can reach 0.96 ͑e.g., annealed carbon black͒. For one dimension SWCNTs the curvature induces an extra contribution to e-ph pairing potential via * → * channel and conversion of adsorbed IR energy into lattice vibration is highly efficient. 8 Therefore, it is reasonable to set e = 1 for SWCNTs. 15 Figure 3͑b͒ shows time dependent P, and the blue and green represent the radiated powers from SWCNT film between 6 pm and 9 am and from environments between 9 am and 6 pm, respectively. Integration of blue and green areas individually gives radiated power P tube = 0.054 W for heat radiated by nanotubes and P env = 0.052 W for heating SWCNTs by IR radiation from environments, so efficiency of heat exchange is P env / P tube = 96%. This is a significant value, indicating that FIG. 2. ͑Color online͒ ͑a͒ R / R 0 variation of SWCNTs ͑dark͒ and metal wire ͑red͒ along with indoor temperature modulation ͑blue͒. The initial resistances ͑R 0 ͒ of nanotube film and copper are 23 and 0.6 ⍀, respectively. ͑b͒ Modulation of SWCNT temperature ͑red͒ compared with indoor temperature ͑blue͒. ͑c͒ Phonon structure dispersion into 3D characteristic at internanotube junction ͑top panel͒, the hindrance of heat propagation at nanotube bundle by enhanced resistive phonon ͑mid panel͒, and heal flux reduction along tube axis ͑lower panel͒.
nanotubes are highly efficient thermal radiators. For nanotubes, thermal energy is mainly carried by phonon so dissipated power via phonons can be evaluated using Eq. ͑4͒,
Here we obtain P ph = 3.76ϫ 10 −7 W. If this value is multiplied by time ͑24 h͒ the total power dissipated by phonons is 0.064 W, in good agreement with value cited above.
Experiments were also carried out in a vacuum chamber ͑10 −4 torr͒ and temperature variation within chamber appears to be irregular, for example, the amplitude is 302± 2 K ͓blue, Fig. 3͑c͔͒ . This is due to lack of air conditioning in vacuum, so temperature modulation is disturbed by thermal radiation from metallic chamber. Nevertheless, SWCNT films maintain good thermal sensitivity ͑peak-to-valley characteristics͒ and tube resistance in response to temperature modulation is achieved via negative temperature coefficient of resistivity ͑NTCR͒, attributed to O 2 desorption. 4 Report has indicated that materials with high NTCR will enhance IR adsorption and R / R 0 can reach 100 at low temperature.
14 In our experiments, the same SWCNT film tested in both ambient ͑PTCR͒ and vacuum ͑NTCR͒ conditions shows similar R / R 0 variation and average amplitude is ±0.02 for Fig. 2͑a͒ and ±0.015 for Fig. 3͑c͒ . This is because TCR is changed by O 2 doping and thermal property at internanotube junctions remains unaffected upon gas adsorption desorption.
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